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Proposal to assess printability of bioinks for extrusion-based bioprinting and evaluation of rheological properties governing bioprintability 
Introduction
Over the last few years, biofabrication has gained significant attention. In this relatively young field of research, automated assembly or additive manufacturing technologies are exploited to generate hybrid cellmaterial 3D constructs with predetermined positioning of both materials and cells [1] . This approach holds great promises to offer solutions for some of the enduring and yet unsolved challenges in tissue engineering and regenerative medicine, such as vascularisation or innervation. Researchers from different scientific backgrounds try to solve some of the main bottlenecks of this highly interdisciplinary research field. Amongst other challenges, the availability of suitable materials used for the fabrication of hierarchical, complex constructs is one of the main bottlenecks limiting the development of biofabrication. Here, bioinks consisting of both biomaterials and cells are especially interesting and are believed to help introducing the hierarchy needed to generate constructs mimicking the complexity of natural tissues. The most prominent class of materials for bioinks are hydrogels because they can provide a viable microenvironment for the attachment, growth and proliferation of cells [2] . In addition to tuning the biological and mechanical properties of these gels to enhance cell viability and mechanical performance, they also must be printable. Printability is defined by the rheological properties of the materials and must be adjusted to the fabrication process used to generate constructs with high shape fidelity.
The main biofabrication techniques for processing of bioinks are inkjet printing, laser-induced forward transfer and extrusion-based bioprinting [3] [4] [5] . Extrusion-based bioprinting in particular is popular amongst bioink developers because it is the most versatile process, enables the broadest range of bioink viscosities to be processed and most suitably allows for printing at clinically relevant throughput [3] . In addition, devices are commercially available and, by changing extrusion nozzle diameters, they are also easily adaptable to the properties of newly developed materials. Most systems use pressurised air for dispensing and are equipped with single-use tubular or conical nozzles with varying inner diameters.
Although extrusion-based bioprinting offers a flexible fabrication platform, the rheological demands placed on the bioinks are stringent. Rheological analysis can help to accelerate the development of printable materials and many groups demonstrate useful characterisation techniques and also introduce mathematical models which help to gain a deeper understanding for the printability of materials based on rheological analysis [6] . Droplet-based printing techniques have been amongst the first techniques used in bioprinting [7] and the demands on rheological properties of bioinks used for drop-on-demand techniques have been nicely described in the literature both for inkjet [8] and valve-based [9] approaches. For example, recent publications from Sarker et al [10] and Kraut et al [11] show excellent rheological analysis of established and new inks formulations introducing robust and simple non-Newtonian fluid models derived from other research areas including the food industry [12] and electronics packaging [13, 14] . However, characterisation experiments often lack comparability and transferability to materials with unknown printing properties. Especially for scientists transitioning into the field of biofabrication, comparable, reproducible and efficient characterisation techniques for the printability of bioinks would be a decisive advantage.
Furthermore, the interdisciplinary nature of biofabrication has hindered the understanding of interactions between material properties, printability and cytocompatibility. Active discussions in the field of biofabrication focus on cell survival using extrusionbased printing processes and could benefit from a better understanding of these interactions. It is believed that the main cause for cell damage and loss of overall viability is the shear forces present in the needle during printing. Insightful work on this topic was reported by the group of Wei Sun [15] [16] [17] among other publications which also addressed this topic [9] . A very interesting publication even modelled the mechanical cell damage during bioprinting [18] . Besides optimising the printing process itself, for example by using crosslinking approaches that enable processing low viscosity materials [19, 20] , the material properties can influence shear rates generated in the dispensing nozzles [20, 21] . Due to the complexity of rheological analysis and the established models, a rapid approach improving the general understanding of cell damage during dispensing will be beneficial for material scientists and biologist to improve cell survival by adapted material design.
The main focus of this publication is to support scientists starting to develop bioinks and accelerate the transition from material concept to printable ink. This study aims to propose and validate an experimental method for the initial screening and rheological evaluation of bioinks with a broad spectrum of materials properties to determine printability. We demonstrate that using a simple hand-extrusion screening process, inks can rapidly be screened to determine useful concentration, composition and crosslinking application for fibre formation and layer stacking ability. Beyond this easy to perform printability assessment, we show how shear-viscosity rheometry combined with theoretical modelling can be used to determine applicable bioprinting conditions and provide useful insight into cell survival and the final stability of the bioprinted constructs. We hypothesise that this combination of material characterisation and modelling can be extended to other bioinks and that this more integral approach may evolve into a true assessment of bioprintability including cell survival.
Materials and methods
Ink formation
Nivea Crème (Beiersdorf Global AG, Germany) was used as purchased. Poloxamer 407 inks were purchased from Sigma Aldrich and processed by mixing Poloxamer 407 powder (Pluronic F127, P2443-250G, Sigma Aldrich) in 10-30 wt% solutions with H 2 O (MilliQ). Samples were refrigerated for 24 h at 5°C and transferred into 1 ml syringes (NORM-JECT Tuberkulin, Henke Sass Wolf, Germany) prior to testing. Additionally, a range of concentrations of alginate polymer solutions were formulated by mixing sodium alginate powder (Protanal LF 10/60 FT, FMC BioPolymer, USA) in 10% w/v solution with 10% w/v concentration phosphate buffered saline (PBS).
Samples were pre-crosslinked with 0%-2% w/v CaCl 2 solution (102392 calcium chloride, Merck Millipore, USA) in a 7:3 volume mixing ratio. Samples were stored at 37°C for 24 h and transferred into 1 ml syringes prior to testing. An alginate-gelatine blend hydrogel was prepared by mixing a 4% w/v alginate hydrogel, method as above, and a 20% w/v gelatine (G1890-100G Gelatine from porcine skin, Sigma Aldrich, USA) hydrogel, both in PBS solution. After 2 h of storage at 37°C, the two gels are mixed together and stored again for 2 h to mix thoroughly before being transferred into a 1 ml syringe [22] . All samples were then centrifuged to remove air bubbles for 5 min at 25°C and 4500 rpm (3893 g).
Initial screening: fibre formation and layer stacking analysis
For each sample, a 125 μm radius needle was attached to the end of the 1 ml syringe. Pressure was manually placed on the plunger until material was extruded. Images were taken using a contact angle measurement device (OCA 20, DataPhysics Instruments GmbH, Germany). The patterns used to investigate layer stacking were drawn manually and imaged with a stereomicroscope (Carl Zeiss SteREO Discovery.V20).
Rheological evaluations
A Physica MCR301 rheometer (Anton Paar, Ostfildern, Germany) was used with plate-plate geometry (25, 0.5 mm distance) and a solvent trap to prevent drying. For all materials, a shear stress ramp, ranging from 0.01 to 100 Pa was applied to each material and the yield point was defined as the intersection point between two linear regressions at the plateau-region and viscosity-drop regions of the viscosity-shear stress diagrams, indicating the point at which the material first started to flow. Rotational shear-viscosity measurements were performed in flow mode with shear rate ranging from 0.01 to 2000 s −1 or to the highest shear rate achievable before material was lost out of the plate-plate system. Rotational recovery measurements were performed to characterise the materials recovery behaviour by applying a low shear rate of 0.01 s −1 for 200 s, following by a high shear rate at 895 s −1 for 100 s and finally a low shear rate of 0.01 s
for 200 s. For all materials except the alginate-gelatine sample, measurements were performed at 24°C, while for the alginate-gelatine, measurements were performed at 37°C. Additional characterisation of the alginate-gelatine sample involved performing a temperature ramp between 20°C and 40°C at a shear rate of 50 s −1 to characterise the thermoresponsive properties of the alginate-gelatine ink.
Bioprinting
The bioprinter used in this investigation is a multiheaded 3D Discovery bioprinter (RegenHU, Switzerland). For ink extrusion, the DD135N air pressure extruder (PH2) was used with a variety of needle sizes, pressures and collector plate speeds, optimised for each material. The print-head was kept at room temperature for all samples except the alginategelatine hydrogel where a heater and cooling plate were used to assist deposition and solidification. Materials were loaded into a 3CC printing syringe (Nordson EFD, USA) and mounted into the printer with the pressure hose attached above and needle below. All needles used in the project were purchased from Nordson EFD 'general purpose' 0.25' dispensing tips, 12.22 mm in length metal needles with inner diameters ranging from 0.2 to 0.33 mm. Completed alginate-based scaffolds were submerged in 2% w/v calcium chloride (CaCl 2 ) solution for 30 s before being washed in H 2 O. All samples except the alginategelatine composite were printed at room temperature, 24°C, onto a room temperature glass microscope slide. A pressure-assisted microvalve print-head (PH1, CF-300N/H) was used to print the alginate-gelatine sample, along with a cartridge heater (CF300, RegenHU, Switzerland) and custom cooling plate set up to maintain the bioink in the syringe at 30°C and cool the collector plate to 10°C. Gcode for square scaffolds, 12×12 mm in dimension, was produced with crosshatch infill with 1.5 mm spacing between fibres. Initially, the printing height of the needle above the collector plate was found by measuring the 'zero' position where the needle is in contact with the collector plate and then raising it by 2/3 of the needle diameter. During printing, this was then further optimised to create wellattached, round, consistent fibres. Where poor attachment or inconsistency was observed, the initial height was lowered, while flattened, squashed fibres indicated the printing height needed to be raised. To optimise the extrusion parameters, the pressure was initially set by observing the flow of material out of the needle in a stationary position. The starting pressure was determined to be when a steady fibre flow was produced. Initially, the collector plate velocity was set to 10 mm s −1 and then optimised based on the quality and accuracy of fibre deposition. If the corners of the crosshatch pattern were not maintained, the speed was too high and had to be lowered. Conversely, if too much material was being deposited, leading to thick, non-circular fibres, the pressure and/or collector plate velocity was lowered. Completed scaffolds were imaged using a stereomicroscope (Carl Zeiss SteREO Discovery.V20).
Cell culture and bioink formation
Human bone marrow-derived mesenchymal stem cells (hMSC) were isolated from cancellous bone residues of patients undergoing total hip replacement (written informed consent was given by the patient and as approved by the local ethics committee). Bone debris and bone marrow were mixed thoroughly in Dulbecco's Modified Eagle's Medium/Ham's F-12 GlutaMAX TM -I (DMEM/F12; ThermoFisher, USA) to elute hMSCs. Afterwards, the cell suspension was centrifuged, and the hMSC containing pellet was resuspended in proliferation medium (DMEM/F12, 10% fetal bovine serum (Biochrom, Germany), 1% penicillin-streptomycin (PS; 100 U ml −1 penicillin, 0.1 mg ml −1 streptomycin; ThermoFisher, USA), 5 ng ml −1 basic fibroblast growth factor (bFGF; BioLegend, London, UK)) and seeded into T175 cm 2 flasks (Greiner Bio-One, Frickenhausen, Germany). Nonadherent cells were removed 3-4 d post isolation by carefully washing with PBS, and adherent cells were expanded at 37°C, 5% CO 2 in proliferation medium, as described above. Finally, hMSCs were detached with 0.05% trypsin-EDTA (ThermoFisher, USA), and seeded at a density of 3-5×10 4 cells ml −1 into T175 cm 2 flasks. Cell printing experiments were performed using the alginate-gelatine blend hydrogel formulation, as described above. Alginate and gelatine powders were sterilised by UV irradiation at 254 nm (UVL hand lamp with filter, A. Hartenstein, Würzburg, Germany) with an intensity of 1 mW cm −2 for 10 min before dissolving in sterile PBS. hMSC at passage 3 were carefully resuspended at a concentration of 1×10 6 cells ml −1 in the blend hydrogel with a spatula to avoid the formation of air bubbles. Afterwards, the hydrogel encapsulated cells were either printed using the regulated pressure source from PH1 (CF-300N/H cell-friendly print-head for contact dispensing) and cartridge heater at 30°C (CF300, RegenHU, Switzerland) through a 100 μm radius needle into cylindrical silicon molds (2 mm deep, 6 mm diameter) using pressures from 1 to 5 bar, or were exposed for 60 s to the same shear rate induced by the rheometer comparable to pressures from 1 to 7 bar and were subsequently crosslinked in a filter-sterilised 2% w/v CaCl 2 solution. Cast hydrogels served as a control for cells receiving no shear stress. All constructs were cultured for 24 h at 37°C, 5% CO 2 in proliferation medium to assess cell viability.
Cell viability analysis
The viability of hydrogel-encapsulated hMSCs was analysed using calcein acetoxymethyl ester (Calcein-AM; ThermoFisher, USA) to detect viable cells and ethidium homodimer-I (EthD-I; Sigma Aldrich, USA) for detection of dead cells. Cell-laden hydrogels were washed two times with PBS, and were subsequently incubated for 45 min at RT in a staining solution (1 μM EthD-I, 2 μM Calcein-AM) 24 h after cell encapsulation. Following that, constructs were washed with PBS and top view images were taken using an inverted fluorescence microscope (Zeiss AxioObserver.Z1, Carl Zeiss, Germany). Live and dead cells were counted for three samples per condition, at six locations within each sample with Fiji [23] . Finally, the ratio of viable cells in the different constructs was normalised to the viability of cells encapsulated in cast hydrogels, which was set to 100%.
Mathematical model
The shear thinning behaviour of the sample was characterised by fitting the following Power Law equation to the linear region of the shear rate-viscosity rheology plot for each material (full derivation shown in the SI);
where h is the viscosity, g  is the shear rate, and K and n are shear thinning coefficients. The extrusion velocity at a distance, r, across the radius of a needle, R, was calculated using the following equation for a range of materials and printing conditions to examine the theoretical extrusion profile and distribution of shear forces within the needle tip;
The average extrusion velocity for a range of printing pressures and needle geometries was also calculated;
Consistent with the bioprinting set up used experimentally in this investigation, the parameters and limits presented in table 1 were selected. The Power Law data for 25 wt% poloxamer 407 and printable pre-crosslinked alginate was used along with three hypothetical samples with Newtonian (n=1), weakly shear thinning (n=0.6) and highly shear thinning (n=0.2) properties. To further investigate the forces being experienced on particles, or hypothetical cells within a bioink, the shear rate, g  (equation (SI2)), shear stress, t (equation (SI4)) and residence time, t (rearranging equation (2) as = v L t ) as a function of needle diameter was also calculated for these materials. It was assumed that each material was extruded using the experimentally derived optimal printing pressure or 2.0 bar for the theoretical fluids, and a 125 μm inner radius needle of length 12.22 mm (this relates to the whole length of the metal tube within the Nordson EFD precision needles; Nordson states these needles to have a length of 0.25' as this is the process relevant length sticking out of the plastic Luer-Lock adapter), consistent with those used experimentally.
Results and discussion
3.1. Printability assessment and limitations 3.1.1. Outline of characterisation approach and choice of test materials Inks for bioprinting must fulfil a number of key requirements for processing with a 3D bioprinter [24] . The main challenge is that they need to be printable and meet criteria dictated by their application as products for tissue engineering and regenerative medicine [4] . This work mainly addresses printability issues and we propose a two-step printability assessment (figure 1) to characterise material properties important for printability, and to gain information that helps processing and designing ink materials for biofabrication. The first assessment step, the manual dispensing, is meant to be a simple, reliable initial screening method that focusses on the material´s ability to form fibres, rather than droplets, and the ability for the fibres to stack layer-by-layer to form 3D constructs without merging and does not require a bioprinter or other advanced equipment. The second step requires rheological measurements. Rheology can offer a useful tool to reproducibly gain information about ink properties important for printing if it focuses on the right experiments and if the results are considered holistically. The experiments we chose are meant to describe the inks properties before, during and after being extruded in the printing process. Thus we chose to analyse the material using (a) a shear stress ramp to test if the material exhibits a yield stress, (b) shear viscosity tests to investigate the shear thinning properties of the material and (c) recovery tests applying an alteration of high and low shear rates to the material to see how it recovers after being exposed to high shear rates.
To offer comparability and to validate the hypothesis stated above, the printability assessment was performed on four materials with diverse properties. Accordingly, the materials chosen for this work show different levels of complexity and represent a range of classes of printable materials. One of the best accessible printable materials is Nivea Crème used for body care. It is cheap, has a constant quality and composition, and is an example of a soft colloidal ink. Amongst other products, Nivea Crème, which has been established by bioprinter manufacturing company RegenHU (Switzerland) as demonstration ink, shows very good print fidelity, fulfils the requirements mentioned above and is very well-suited as test ink for 3D bioprinting beginners. Another material displaying successful printing results is poloxamer 407. Its properties highly depend on the concentration in a waterbased solution as well as on temperature. Poloxamer 407 is thermoresponsive; while a gel at room temperature, solutions are in a liquid phase below approximately 10°C and can therefore be used as a sacrificial support network to be washed out and removed from structures easily [25] . Above a critical concentration, this triblock copolymer is highly shear thinning and recovers very quickly after shear stress is removed without the need for external crosslinking. In this work, it was used as test system displaying the importance of concentration on printability. Furthermore, we also consider concentrations that are not printable to show how non-printable materials behave during the screening procedure. A step closer towards inks more appropriate for bioprinting was demonstrated by using alginate solutions. Alginate is one of the most frequently used materials in bioprinting mainly due to its fast, ionic crosslinking via bivalent ions like calcium. Because there are different compositions, Figure 1 . Outline of the proposed research method to assess bioink printability. 1. Initial screening of ink formulations to establish (a) fibre formation as opposed to droplet formation and (b) successful layer stacking without merging between layers. 2. Rheological evaluations are employed to characterise (a) the flow initiation properties and yield stress, (b) degree of shear thinning to predict the extrusion process and cell survival and (c) recovery behaviour of the inks after printing. molecular weights and polydispersities available, the rheological behaviour can vary between different sources. For example, surveying a number of alginatebased bioink studies, printable concentrations ranged from 3% to 10% w/v while printing parameters were optimised using pressures between 0.6 and 7.5 bar and 0.21-0.61 mm diameter needles [26] [27] [28] [29] with little or no description for the selection procedure. Alginate at higher molecular weights and concentrations is a shear thinning physical gel and it is important to adjust concentrations to achieve printable properties. But as displayed by several reviews [30, 31] there are ways to use various crosslinking strategies (printing into calciumchloride solutions, spraying a mist of calcium-chloride on the solution exiting the nozzle, pre-crosslinking with calcium-chloride) to process alginate at otherwise unprintable compositions. A recent trend in biofabrication is heading towards multimaterial bioinks [3, 32] because these ink systems can profit from the benefits of different materials. A readily available and well-established composite ink is based on the combination of alginate and gelatine. Alginate allows for fast crosslinking while gelatine makes the material thermoresponsive. In this study, a formulation reported by Wüst et al (2015) consisting of a 4% w/v alginate solution mixed in equal parts with a 20% w/v gelatine solution, in a final alginate-gelatine concentration of 2%-10% w/v [22] was used.
3.2. Printability assessment method stage 1: initial screening 3.2.1. Manual dispensing Preliminary testing can rapidly and effectively demonstrate the ability for a potential ink materials to fulfil two basic requirements for extrusion bioprinting; (a) form consistent, cylindrical fibres and (b) stack layers into coherent structures by examining and comparing the quality of material extruded by hand. Since this process was designed to mimic the bioprinting process, the needle size was selected to match the needle ultimately used during bioprinting. By applying the method to a range of concentrations of poloxamer 407 solution, the difference in fibre forming and stacking behaviour is evident compared to the 'control' Nivea Crème sample (figure 2). Videos demonstrating the difference in fibre formation behaviour are included in the SI.
Nivea Crème exhibited characteristic fibre formation and layer stacking without merging, confirming its reputation as a highly printable sample. The fibres were highly consistent and maintained their shape without breaking or detaching. When overlaid in a cross pattern, the fibres did not merge or blend together nor lose their cylindrical fibre morphology in any way.
The poloxamer 407 samples show a range of unprintable and printable behaviour. The 15 wt% sample displayed droplet formation when extruded by hand and could not form coherent fibres. The 20 wt% solution displayed partial fibre formation, whereby short, inconsistent, droplet-like fibres were observed (see SI for video of extrusion behaviour), however the fibres did not retain their shape when deposited in the cross pattern to maintain a 3D structure. The 25 wt% solution was therefore the lowest concentration to produce coherent fibres and adequately stack layers comparable to the control Nivea Crème material and was therefore selected as the most printable formulation. The higher concentrations performed similarly but required more pressure to extrude the fibres by hand. This is unfavourable compared to lower-pressure extrusion whereby high pressures elicit higher shear stress within the needle tip which may be detrimental to cell survival, as discussed in section 3.3.4.
After a review of recent literature surrounding the bioprinting of alginate-based inks [33] [34] [35] , a range of alginate solutions between 4% and 10% w/v were screened to optimise for printability. With the addition of a range of concentrations of CaCl 2 in a standardised 7:3 volume mixing ratio, partial crosslinking of the alginate solutions was initiated to improve the viscoelastic properties. As such, it was apparent that all the non-crosslinked samples and 4% w/v alginate/ 0.5% w/v CaCl 2 solution sample was unsuitable for printing due to their inability to form cylindrical fibres, and to retain distinct layers when stacked (table 2). Samples of higher viscosity formed fibres and retained their shape before blending with the layer below for varying periods of time, also indicated in the table. For these concentrations, this test allowed the rapid observation of the window in which additional crosslinking methods could be applied to solidify the layers and therefore successfully build 3D constructs. For crosslinking methods which can be rapidly applied, including printing into a mist of crosslinking solution or UV irradiation, the concentrations can be screened for their suitability to retain their morphology for a suitable time period depending on the technical limitations of the method used.
Two samples formed consistent fibres, equivalent to the control Nivea Crème results, and retained their morphology for greater than 5 s. This time was deemed the minimum window required to apply a crosslinking agent and these compositions were therefore deemed 'printable'. Ultimately, at higher concentrations alginate or CaCl 2 solution, the samples became too firm to manually extrude through the syringe and these were deemed unprintable. Inhomogeneity of the samples, particularly at higher concentrations of CaCl 2 , was a limiting factor for processing suitable inks for printing. Where the alginate had not been homogeneously mixed into the CaCl 2 solution, firm regions of dense hydrogel interfered with the formation of continuous fibre strands, leading to 'blotchy' fibre deposition.
Between the two 'printable' samples which retained their fibre morphology for longer than 5 s, the 8%/1% (alginate w/v concentration/CaCl 2 w/v concentration) sample was observed to have a smoother consistency, due to the reduced CaCl 2 concentration and this was therefore the preferred printable sample (hereafter referred to as 8%/1% alginate).
Thermoresponsivity is a property of many inks which can be employed to assist the changes in viscoelastic properties required for successful extrusion and solidification into 3D constructs with high shape fidelity [36] . It is characterised by a change in a material's viscoelastic properties as a result of temperature. For bioprinting, this allows inks to be liquefied for extrusion and then rapidly solidified upon deposition to form stable 3D constructs. A composite ink of alginate and gelatine was selected as a widely used example of a composite, thermoresponsive ink. The thermoresponsivity of gelatine allows for the heated extrusion of a low-viscosity ink onto a cooled plate where it rapidly transitions to a high-viscosity state. The incorporation of alginate also allows for simple crosslinking via the use of CaCl 2 solutions. In this study, a formulation reported by Wüst et al (2015) was used, which consists of a 4% w/v alginate solution mixed in equal parts with a 20% w/v gelatine solution, in a final alginate-gelatine concentration of 2%-10% w/v [37] . In order to include printability assessment of thermoresponsive systems and, more specifically in our study, to be able to get a feeling for printable compositions of alginate-gelatine, the initial screening approach can be adapted using a cold collector. This modified initial screening method revealed that the alginate-gelatine sample was readily extrudable into fibres and could stack when deposited onto the lid of a petri dish filled with ice, consistent with the widely observed thermoresponsive properties of the gelatine component [38] . Further characterisation of the thermoresponsive properties of the ink to optimise the bioprinting process by choosing the right reservoir and collector temperatures can be performed with a temperature sweep at the rheometer as described in the SI.
Validation of the initial screening process
Currently in literature there is limited reproducibility regarding the selection of bioink formulations, even using the same polymer as discussed in the Introduction. Via the initial screening tests demonstrated above, printable formulations of the different inks were quickly and reproducibly selected based on their ability to form fibres and stable 3D constructs, in some cases with the addition of crosslinking agents. Therefore, this proposed initial screening protocol offers a useful tool to select and compare a range of suitable printable bioink formulations in a reproducible and controlled manner.
To evaluate this screening method, the four printable samples as determined by the initial screening were then successfully bioprinted into 12×12 mm crosshatch scaffolds, confirming the efficacy of the initial screening procedure for selecting printable formulations of inks ( figure 3). 3.3. Printability assessment method step 2: rheological evaluations Routine rheology measurements were performed to characterise the yield stress, shear rate-dependent viscosity, and recovery behaviour of the materials. The yield stress can be determined via shear stress ramps. Furthermore, applying the Power Law model to the shear rate-viscosity profiles enabled the estimation of the degree of shear thinning by calculating the parameters n and K for the mathematical model (see SI) and predicting the extrusion behaviour at bioprinting-induced shear rates. Finally, the recovery of the materials after being subjected to shear rates similar to that during bioprinting was evaluated to characterise the window in which crosslinking can be achieved.
Flow initiation analysis: yield stress measurements
To characterise the 'at-rest' viscoelastic behaviour the ink systems tested before, shear stress rheometry was performed. A shear stress ramp offers a useful tool for determining the yield stress of materials. By plotting the viscosity over shear stress, the viscosity at which the material first starts flowing and therefore to approximate its 'at-rest' viscosity could be analysed. The experimental results are shown in figure 4 . The yield stress was determined using the intersection point of two tangents, one in the plateau-region of the viscosity where the material is deformed elastically and one in the region where the viscosity drops and the material flows, for the materials that revealed a clear yield stress. The results are summarised in table 3.
The yield stress of each material reveals significant insights into the material printability. Firstly, it allows the characterisation of the yield stress of the material, below which the material behaves like a solid rather than a liquid. A clear distinction between the printable and unprintable materials can be seen in figure 4 , whereby the uncrosslinked 8% w/v alginate sample does not exhibit a steep drop in viscosity upon initiation of flow. By comparison, the pre-crosslinked sample has a yield stress over an order of magnitude larger and this indicates the role the pre-crosslinking method plays in improving the rheological properties of ink for printability. Additionally, the printable poloxamer 407 samples also demonstrated significantly higher yield stress points than the unprintable concentrations, and it was also observed that the yield point viscosities for all printable samples are significantly higher than the unprintable samples, above 10 000 Pa s. The shear stress ramp for the alginate-gelatine sample was performed at 37°C and therefore very low viscosity and yield stress are to be expected compared to the other samples. The printability of alginate-gelatine is strongly dependent on the thermoresponsive increase in viscosity induced by the cooled collector plate. Secondly, these results demonstrate the shear thinning properties of the inks, whereby the viscosity of each material dropped at higher shear conditions. This phenomenon will be characterised further in the following section.
Shear thinning characterisation
The shear viscosity profiles of a range of experimental samples were acquired from the rheology measurements ( figure 5 ). All samples show shear thinning behaviour, characterised by a decrease in viscosity over an increasing shear rate. For many of the samples, the linear trend when plotting the results on doublelogarithmic axes can be characterised by applying the Power Law regression (as described in section 2.7) to obtain a quantification of the degree of shear thinning observed. This was later used to predict the behaviour of the materials during dispensing in the bioprinting process.
As shown in figure 5 , each material demonstrates shear thinning behaviour, characterised by the decrease in viscosity with increasing shear rate. The 15 wt% poloxamer 407 sample, deemed unprintable in the initial screening, exhibited significantly lower viscosities over the shear rate ramp compared to Nivea Crème as well as the printable concentrations of poloxamer 407, 25 wt% and 30 wt%, which align very closely in shear thinning properties ( figure 5(a) ).
The shear-viscosity profile for Nivea Crème also demonstrates shear thinning behaviour. However, difficulties in measuring the Nivea Crème sample led to inconsistencies in the shear-viscosity measurements for higher shear rates. Material slipping out between the rheometer plates resulted in an upper measurable limit of 1 s The effect of the addition of CaCl 2 on the 8% alginate solution is evident in the shear-viscosity plot displayed in figure 5(b) . The pre-crosslinked sample displayed higher viscosity over the low shear rate range compared to the uncrosslinked sample, which also exhibits a Newtonian plateau below shear rates of approximately 0.3 s shear rate range, the shear thinning behaviour of the pre-crosslinked 8%/1% alginate sample was comparable to that of the 25 wt% and 30 wt% poloxamer 407 samples.
The trend in the shear thinning profiles for the printable samples suggests there may exist a window of required viscosity for the successful extrusion of inks which also satisfy the initial screening conditions. But given that the shear thinning profile for the 20 wt% poloxamer 407 solution compared to the 25 wt% and 30 wt% is similar, one would predict that these materials would have similar printability. However, it was concluded from the initial screening method that the poloxamer 407 material at 20 wt% did not have adequate fibre formation and layer stacking behaviour required for printability. It is therefore important to note that the shear thinning rheology solely measures viscosity under different shear stresses and printability cannot be concluded from these results alone. The rheological explanation for whether a material will form fibres or droplets when extruded through a nozzle is significantly more complex than captured in the shear-viscosity measurements, as this measurement does not fully characterise the effects of other behaviours such as surface tension or dynamic viscoelastic properties.
Nevertheless, the information extracted from the shear-viscosity results can help gaining a better understanding for the material. The main key is to quantify the shear thinning properties of the materials by plotting the viscosity with respect to shear rate on logarithmic axes and applying a Power Law regression in the form of equation (1) to the linear region of the slope. The coefficients, n and K, were calculated from the regression equations as per table 4. These coefficients can be used to predict possible printing conditions and to analyse the conditions present in the needle during dispensing as will be discussed in the following sections.
Window of printability
A common and significantly time-consuming stage in bioink development is the optimisation of ink formulation such that it can be extruded within the operating parameters of a specific bioprinter. Simply put, one must know if a novel hydrogel has the right viscosity such that it can be extruded out of nozzles available to the laboratory and using extrusion pressures achievable by the bioprinter, at a relevant velocity that can be matched to the collector speed. Using a mathematical model, based on shear viscosity measurements, a method to determine an ink's 'window of printability' has been developed and demonstrated for a range of common inks. By modelling the extrusion process, and then limiting the results to within the operating capabilities of the bioprinter used experimentally, the combination of parameters required for successful extrusion, called the 'window' can be calculated.
The theoretical extrusion velocity of a material, described in equation (3), was calculated for a range of needle sizes and printing pressures used experimentally. Equation (3) is based on the Power Law coefficients and needle geometry and applied printing pressure which were chosen to match those achievable using the 3D bioprinter used experimentally. The velocities at each combination of needle radius and printing pressure were calculated in a table (figure 6), demonstrating the theoretical extrusion velocity of the material over the full range of printing conditions. By then selecting values from this table which fall between 1 and 40 mm s , velocities equal to the range of collector plate velocities achievable for high shape fidelity printing in feasible printing times (these values are defined based on our experimental expertise and can be adapted based on individual experience), the combinations of printing conditions which will theoretically lead to successful extrusion could be demonstrated. These combinations form the window of printability, displayed in white in figure 6 . The regions displayed in red show where the velocity exceeds 40 mm s −1 , exceeding the maximum travel speed of the collector used for high shape fidelity prints. The blue sections show where the velocity is lower than 1 mm s
, which would lead to practically unfeasibly long printing times. A full derivation of equation (3) and selection of the velocity limits in included in the SI. This model, based primarily on the geometry of the needles used experimentally and operating parameters of the printer, can be readily adapted for different materials and printers.
Consistent with its reputation of being a highly printable material, the Nivea Crème window of printability extends well within the range of machine operating parameters. Furthermore, the window of printability for 25 wt% poloxamer 407 was calculated, demonstrating a narrow window of printability at pressures between 1.2 and 2.8 bar using different diameter needles. Also, the window of printability for the 8%/1% alginate sample, which was deemed the most successful concentration for printing, demonstrated printability in the initial screening stage. Accordingly, the theoretical model predicts that the sample is printable within a wide range of pressures using any of the needle sizes. By comparison, the window of printability for unprintable formulations such as the lower concentrations of poloxamer 407 is outside the range of the machine operating parameters. The table is therefore all red, where the white window and blue section would reside at combinations of much narrower needles and lower pressures, and from this alone, it can be predicted that the sample is unprintable. The window of printability therefore offers a rapid guide to the range of parameters in which the material can be successfully extruded.
The size of the window of printability is entirely depending on the shear thinning coefficients, n and K, from the Power Law and vary significantly between materials. From table 4, it is evident that the 25 wt% poloxamer 407 sample has a significantly lower value of n than Nivea Crème and a significantly higher value of K. Combined, this results in a narrower window of printability compared to the other samples which, by comparison, demonstrate acceptable extrusion velocities within the required range over a much larger range of parameters.
To demonstrate the relevance of the theoretical bioprinting window to realistic printing conditions using the printable materials in this study, the parameters selected to successfully print the materials (table 5) were correlated with the bioprinting windows to demonstrate that for every printable material, the optimal parameters fell within the window of printability ( figure 6) . Additionally, the average bioprinting shear rate, g  , b was also calculated for each material, by computing the average extrusion velocity, given by equation (3), at the optimal printing conditions, and Figure 6 . Bioprinting windows calculated for the four printable materials, Nivea Crème, 25 wt% poloxamer 407, 8%/1% alginate and alginate-gelatine inks. The optimal printing parameters ( * ), found independently, fall within the windows in every case. Red indicates where the extrusion velocity (dependent on the distance from the needle centre and the pressure applied for dispensing) is too high for high shape fidelity printing and blue indicates where the extrusion velocity is too low to achieve a reasonable printing speed. In each instance, the experimental bioprinting parameters fall above the centre of the theoretical windows of printability, which correspond to extrusion velocities of approximately 15-20 mm s −1
. Since the required collector plate speed for extrusion was lower, this suggests that the model over-estimates the extrusion velocity of the materials but this could also be due to the difficulty in matching between collector speed and extrusion velocity as the bioprinting process can be used to adjust the diameter of the extruded materials strand by changing the printing velocity. The mathematical model was chosen based on a range of assumptions, including friction-free laminar flow and non-slip boundary conditions, both of which would contribute to the over-estimation of extrusion velocity. Therefore, this model acts as a simple, rapid characterisation technique to determine whether a material could be successfully extruded within the operating limits of a bioprinter. Further optimisation of the printing parameters required for ideal construct fabrication is recommended to be carried out on the bioprinter itself.
3.3.2.2.
Influence of shear thinning properties on processrelevant conditions within the needle Using the theoretical extrusion velocity, shear rate, shear stress and residence time equations, a clearer understanding of the theoretical extrusion behaviour of materials inside the needle could be shown. In particular, it allowed us to predict spatial distributions of said parameters inside the needle, for both hypothetical and real bioinks ( figure 7) . Besides the parameters dictated by the printer setup (needle radius, needle length and pressure applied for dispensing), the profiles shown in figure 7 only depend on the Power Law coefficients n and K gained from the shear viscosity measurements.
These profiles were calculated for three hypothetical samples with Newtonian ( = n 1), weakly shear thinning = ( ) n 0.6 and highly shear thinning = ( ) n 0.2 properties (K values calculated using a rearranged form of equation (3) such that average extrusion velocity is equal to 20 mm s ) at 2 bar printing pressure ( figures 7(a), (b) ). Similar profiles were calculated for the 25 wt% poloxamer 407 at optimal 2 bar printing pressure (figures 7(c), (d)), and for 8%/1% alginate at optimal 3.5 bar printing pressure (figures 7(e), (f)). These profiles show significant differences in the conditions across the radial axis of 125 μm needles at the respective, representative bioprinting conditions. For all samples, the shear rate increases towards the needle wall. For the poloxamer 407 sample, this effect is concentrated close to the needle wall while for the Newtonian sample, this is a linear relationship. The shear stress, independent of material properties, also increases linearly to a maximum at the needle wall, while the residence time of the material particles demonstrates for how long the material will experience these high shear conditions.
The residence time of theoretical particles evenly distributed within the inks increases exponentially towards the needle wall but varies significantly depending on the material chosen, and therefore on shear thinning behaviour characterised by n and K. To quantify this, the points on the graph correspond to the percentage of theoretical particles, or cells, encapsulated within that radius. From left to right, this corresponds to 0.005%, 10%, 20%, K 80%, 90%, and 95% of cells encapsulated within that radius over the entire length of the needle. For example, for the nonshear thinning Newtonian fluid, the outer 5% of particles at the 95% data point reside at shear stresses of above 0.997 Pa for at least 6.10 s. By comparison, the outer 5% of cells suspended in a highly shear thinning fluid only experience this shear stress for more than only 3.21 s, significantly reducing the application time of harmful shear conditions. For the 25 wt% poloxamer 407 solution, this is just 2.90 s. Considering that all three theoretical materials have the same average extrusion velocity, by reducing the impact of high shear conditions on the cells most at-risk is a significant consideration for the design of shear thinning inks. These results support the findings of other groups, which will be discussed in more detail in the following chapter, by clearly displaying that shear thinning properties of inks protect the cells from high residence times in high shear conditions and thus potentially improve cell survival.
Cell printing and viability tests to display the importance of the residence time
The shear forces that emerge within the needle during the printing process have been hypothesised in the literature to have a detrimental effect on cell survival [9, 15] . In response, several key papers have investigated the role of these forces as key to understanding the extrusion processes and potential effects on cell damage [9, 27, 39, 40] . As the profiles in figure 7 demonstrate, not only the shear forces but also the residence time is a crucial factor to be considered during discussions on cell damage by the printing process. Only limited attention was put on this parameter in the data presented to date. Nevertheless, a recent publication by Snyder et al (2015) addressed this issue. They used a non-Newtonian extrusion velocity model to calculate the extrusion velocity and residence time of a 2% alginate solution passing through a 150 μm needle for a range of extrusion pressures up to 2.76 bar. These results were then corroborated with experimental trials by printing MSC-laden hydrogels at 1.03 bar and 2.76 bar and comparing the difference in overall viability to an unprinted sample. The study concluded that the increased residence time of the outer-residing cells within the needle tip during printing were adversely affected by the process and this contributed to cell death [16] . To support this hypothesis and highlight the importance of the residence time on cytocompatibility of the printing process, we used the nonNewtonian shear rate and theoretical extrusion velocity model to examine the viability in cell-laden bioinks at shear rates corresponding to extrusion conditions using both the bioprinter and rheometer.
Initially, the bioink was extruded using the bioprinter into cylindrical moulds at 1, 3, and 5 bar printing pressure and the viability was determined after 24 h. In parallel, the bioink was loaded in a rheometer and a constant shear rate was applied. To do this, the theoretical average shear rate was calculated for each pressure using a 200 μm diameter needle (table 6) . Additionally, the shear rate at 7 bar pressure was also calculated and applied to the ink at the rheometer, although this could not be replicated on the bioprinter. After exposure to this shear rate for 60 s, the samples were collected and the viability determined after 24 h to compare to the printed samples.
Interestingly, no considerable reduction in cell viability was observed between the low and high shear samples produced by bioprinting (figure 8) indicating that shear rates up to 1639 s −1 did not impact cell viability. Representative live/dead staining images have also been included in the SI. It should be noted that due to the increasing pressure, the flow rate increased significantly between samples and the residence time of the bioink within the needle was very short in the high-pressure regime. In parallel, the viability of samples having experienced the same shear rate induced by the rheometer showed no significant change until shear rates of greater than 5 bar were applied for 60 s. This equates to significantly longer shear application time than that experienced by 99.95% of the sample during extrusion, according to the mathematical model. Therefore, only the outer 0.05% of cells at the needle edge would be susceptible to this level of shear and reduction in cell viability, and would unlikely be apparent in the bioprinting data which displays the average viability of the entire sample. . Also we did not perform these tests on the alginate gelatine samples as these materials requires rapid temperature changes for printability that cannot be mimicked with the rheometer. Figure 9 (a) shows the recovery results for poloxamer 407 concentrations 15-30 wt%. Here, the printable concentration of 25 wt% and also higherviscosity 30 wt% show rapid recovery after application of the high shear rate. Physically, this allows the material to rapidly increase in viscosity after extrusion and maintain high shape fidelity. By comparison, the unprintable 15 wt% poloxamer 407 sample requires up to 25 s to stabilise in viscosity which would lead to a decrease in retention of cylindrical fibre formation and shape fidelity. However, all poloxamer 407 samples show excellent recovery to their initial viscosity over the 200 s periods, demonstrating no change in polymer structure or properties as a result of exposure to the high bioprinting shear conditions. If other materials do not recover to their original viscosity, permanent material changes may have occurred as a result of the application of a high shear rate. If the high shear rate is chosen to match the approximate shear rate applied during extrusion through a nozzle, these changes could also be evident in the initial screening stages and must be accounted for during material design and selection of crosslinking strategies.
The 8% w/v alginate sample also demonstrates good recovery over the entire 200 s period however a lag in viscosity recovery is observed by the slope in the curve after the drop in shear rate from high to low. In contrast, the pre-crosslinked 8%/1% alginate sample, displays more rapid recovery, reinforcing its suitability as a printable ink over the uncrosslinked sample. Consistent with the shear-viscosity results, the two samples Note. * 7 bar printing pressure was not possible using the chosen printer setup, however the equivalent shear rate was calculated and trailed using the rheometer. Figure 8 . Cell viability data for samples exposed to shear rates induced by increasing bioprinting pressure and constant rotational shear rate rheometry, denoted 'Rheo'. Printing pressure of 7 bar was not achievable with the chosen printer, and therefore no data was available for this condition.
display very similar viscosity at high shear rates (figure 9).
Validation of the rheological evaluations
After presenting the different rheological measurements, clarification surrounding parts of the printability of a range of inks shall be given in a critical evaluation. To do so, the advantages and limitations of each approach will be discussed. The yield stress measurements, demonstrated above, reveal one of the fundamental properties of printable materials as they can show if a material will reduce its viscosity rapidly after a certain shear stress is exceeded. This can be beneficial as it helps to reduce shear rates during printing, above critical shear stress, and at the same time supports shape fidelity at low shear stresses in the elastic region (solid-like behaviour). An additional benefit of the method is that it delivers a clear readout and the yield stress can be determined quantitatively as demonstrated in table 4. However, a disadvantage of this approach is its inability to mimic the printing process as it requires the material to be at rest, ideally be in a steady state. It does not examine the recovery of the material after the internal structure was changed by the extrusion process, which is more interesting for bioprinting. Only if materials exhibiting a yield stress can regain their yield stress quickly after dispensing, printability can be guaranteed. Furthermore, the yield stress should not be too high, as it may impede dispensing as well mixing in of cells [41] . The approach used in this study does not consider dynamics and therefore does not show if a fast shear stress ramp will influence the yield stress. Shear viscosity measurements performed in the shear rate region as demonstrated in this work (0.01-2000 s ) can be used to analyse the material properties during extrusion. Their main benefit is that they allow quantification of the dependence of the material viscosity on the shear rate. We could further show that they enable to indicate possible processing parameters such as pressure and needle geometry for a given print speed. In addition, they help to estimate the shear rate that is present in the needle for a given radius and pressure. The recovery measurements shown are also meant to mimic the recovery of the structure of the material after a high shear rate, ideally that predicted by the shear viscosity experiments. It also enables the study of the dynamics of this recovery but as they deliver two values, the time it takes until a certain viscosity is reached and the value of that viscosity, the readout is less clear and at the same time contains one of the main limitations of the approach. The shear rate that mimics at rest conditions is chosen arbitrarily and influences the value of the viscosity at this shear rate which can lead to misinterpretation of the results.
However, the main disadvantage of the complete rheological evaluation is that it did neither enable to define absolute criteria for printability, nor to define quantitative limits for certain measurable parameters. This is mainly due to the nature of rheological evaluations as they display the material parameters at a defined condition and due to the complexity and variety of printable materials as well as possible printing approaches. Nevertheless, we believe that the rheological evaluations demonstrated in this work can contribute to the understanding of what parameters govern printability, and assist in an effective optimisation of materials. In contrast to the initial screening step, rheometry delivers a user-independent assessment. To demonstrate this ability, the results obtained shall be discussed separating them by material rather than evaluation approaches.
Alginate-gelatine was determined to be printable via the initial screening only if printed onto a cooled collector plate. Applicable measurements, yield stress and shear viscosity tests, both support the need for temperature-induced gelation as at 37°C this material does not display a clear yield stress, and its viscosity was significantly lower than that of the materials deemed printable. In case of pre-cosslinked and noncrosslinked alginate, all steps of the assessment were in Figure 9 . Recovery testing demonstrates the ability for the materials to rapidly recover from the application of a high shear rate (895 s −1 ) to near-zero shear to simulate the high shear environment experienced by the materials during extrusion printing.
agreement as to the materials' printability. , the viscosities of the two alginate inks were similar. As this step only mimics the extrusion process, this is not contradictory to the statement made before. Considering the poloxamer 407 samples at different concentrations, the printability assessment was not altogether conclusive. Although the 15 wt% sample that did not pass the initial screening also showed different rheological properties compared to the printable concentrations (25 and 30 wt%) , the 20 wt% sample could also be considered printable if only taking into account the rheological evaluation step. The example of poloxamer 407 reveals two insights. Firstly, the two steps enabled assessment of the printability of the different concentrations and secondly, the rheological behaviour of inks was found to be more complex than can be displayed with the rheological evaluations demonstrated in this work. As we only focus on the viscosity, we do not characterise the elastic behaviour of inks that are known to be viscoelastic materials. We deliberately accepted these limitations as we considering the viscoelastic nature leads to more complicated analysis and we wanted to deliver a clear and simple printability assessment. Nevertheless, we believe that by screening a larger number of potential inks the printability assessment demonstrated in this work can be used to identify criteria for printability.
Limitations of printability assessment
As the screening process described here is intended to be a simple and easy to reproduce approach, the mathematical model chosen is based on the Power Law model. Although the Power Law is a general and widely accepted model, it has several limitations. Firstly, it is an empirical model for the characterisation of shear thinning materials. This can therefore only be applied to the range of shear rates measured (typically ) and cannot be used to describe low and high shear rate behaviour of materials outside of this region [42] . Furthermore, the mathematical model assumes that the fluid flow is steady, linear and that there is no slip between the fluid and the needle wall. It can also only be used for incompressible and timeindependent materials. However, the printability assessment process itself is not limited to the use of the Power Law or other assumptions and as such, other models can be implemented. This is important in case the material being developed does not fulfil the requirements mentioned above. For example, Sarker et al [10] used the Herschel-Bulkley model that also takes into account low shear rate regions and in addition designed their approach in a way that the model takes into account wall slip and conical needle design. As the Herschel-Bulkley model takes into account the yield stress required to initiate flow, it is particularly useful when applied to flow of deposited material, i.e. retainment of shape fidelity. However, for the exercise of determining appropriate printing parameters above, only higher shear rates are relevant, at which the Herschel-Bulkley model converges to the Power Law. In case of time dependent materials, such as thixotropic materials, the Herschel-Bulkley model can also be adapted for a better fit [43] .
There are, of course, a number of other options and experimental techniques to overcome some of the requirements detailed in figure 1 . For example, while inks must either shear thin or otherwise decrease in viscosity during printing for successful extrusion, other factors may be implemented to reduce the viscosity of the ink during printing, such as temperature. For example, while alginate-gelatine did not show the required rheological profile at room temperature, by increasing the temperature of the syringe and needle, the required printing viscosity was achieved. Also, if a material does not display the required recovery behaviour, this can be instigated by use of temperature or crosslinking agents to rapidly gel the material to improve the mechanical properties prior to the next layer being printed. The rheological requirements for the use of support structures, in situ printing or crosslinking and a variety of other advanced bioprinting methods are not within the scope of this printability assessment method [19, 20] . The rheological requirements of printability, described in figure 1 , therefore act as a guide for materials which must be met in combination with many other material and printing factors depending on the type of material and application.
Conclusion
In conclusion, the work presented in this paper describes a reproducible method for the assessment of the printability of inks developed for pressure driven, extrusion-based bioprinting. A two-step printability assessment was demonstrated for different materials including non-printable compositions. The first step described an initial screening based on manual material dispensing and focused on the drop or fibre formation properties of the material and on the layer stacking or merging after dispensing. This step already delivered a robust validation of the printability of a material as it addressed the three main properties of a bioink regarding its printability: yield stress, shear thinning and recovery after dispensing. In a second assessment step, these criteria were analysed using rheological evaluations. Yield stress was determined via a stress ramp, the shear thinning properties were characterised by a shear rate-viscosity plot and fitted using the Power Law model to gain deeper insight into material printability characteristics. Post-printing recovery was analysed via rotational experiments with altered shear rates to simulate the dispensing process. The mathematical model based on rheological data was applied in combination with printer specifications such as pressure, needle properties and print speed, to define a window of printability. This window can help to efficiently develop new ink systems as it displays the parameters the inks can be processed with solely based on the rheological data. Furthermore, the mathematical fit of the shear viscosity data enabled to calculate profiles describing the extrusion velocity, the shear rate, the shear stress and residence time present in the needle during dispensing. These profiles helped to get a clearer understanding of the cell viability rates of printed cell-laden inks compared to those that were stressed at defined conditions using a rheometer. We could show that not only the shear rate but also the residence time of the cells at elevated shear rates need to be considered to improve cell survival. This approach highlighted the need for an integral approach taking into account both the printability and cytocompatibility of the printing process.
